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® Disclosed is a shape data processing method illustratively for use with a CAD/CAM (computer aided 
design/computer aided manufacturing) system. The method involves measuring the volume (VM) of a target 
product (M) based on the shape data of that product. In operation, a virtual projection surface (K) is established 
for the target object (M) to be measured, the surface of the object is divided into small regions (S(u,v)1), (S(u,v)- 
2). A column portion is formed as an extension from each small region (S(u,v)1), (S(u,v)2) to the projection 
surface (K). The volume (VM1, VM2) of the column portion is measured for each small region. The measured 
volumes (VM1, VM2) are accumulated in accordance with the orientation of the normal vector (n) to each small 
region (S(u,v)1), (S(u,v)2). This method allows the volume (VM) of the target (M) object to be measured easily 
and with precision even if the shape thereof is complex. 
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BACKGROUND OF THE INVENTION: 
Field of the Invention: 

The present invention relates to a shape data processing method and, more particularly, to a method 
used by a CAD/CAM (computed aided design/computer aided manufacturing) system in measuring the 
volume of a product using the shape data thereof. 

Description of the Prior Art: 



Heretofore, a number of methods for creating shape data of an object having sculptured surfaces have 
been proposed (including USP 4,789,931 and USP 4,819,192). These methods create the data by 
expressing surfaces using vector functions comprising a cubic Bezier equation and by connecting such 
surfaces under the condition of tangent plane continuation. 
75 As shown in Fig. 19, a designer illustratively designates node vectors P(00), P(03), P(33)1, P(30)1, P- 

(33)2 and P(30)2 in a three-dimensional space. Two spaces are formed using these node vectors, one 
enclosed by four contiguous node vectors P<00), P(03), P(33)1 and P(30)1, the other by, P(00), P(03), P(33)- 
2 and P(30)2. A surface (called a patch) made of these spaces is defined by the following cubic Bezier 
equation: 



S(u,v) = (1-u + uE) 3 (1-v+vF)3-P(00) (1) 



which provides a vector S(u, v), where u and v are parameters representing the u and v directions 
respectively. To the node vector P(00) made of control points, the following equations using shift operators 
25 E and F apply: 

E • P(i.j) = P(i + 1,j) = 0,1,2,) (2) 

F • P<i,j) = P(i,i + I) <ij = 0,1,2) (3) 

30 

0 < u S 1 (4) 
OSv^l (5) 

35 Then control point vectors P(01), P(02), P(10)1, P(20)1 to P(23)1, P(31)1 and P(32)1 are set for the 

space enclosed by the four node vectors P(00), P(03),P(33)1 and P(30)1; vectors P(01), P(02), P(10)2 to P- 
(13)2, p(20)2 to P(23)2, P(31)2 and P(32)2 are set for the space enclosed by the vectors P(00), P(03), P(33)- 
2 and P(30)2. This allows patch vectors S(u, v)1 and S(u, v)2 to be generated for the surface shape 
determined by the control vectors P(01) through P(32)1 and P(01) through P(32)2 via passage through the 

40 four node vectors p(00), p(03), p(33)1 and P(30)1 as well as through the vectors P(00), P(03), P(33)2 and P- 
(30)2. 

Furthermore, at the patch vectors S(u, v)1 and S(u, v)2, internal control point vectors P(1 1)1 and P(12)1 
as well as P(11)2 and P(12)2, with common control point vectors P(01) and P(02) sandwiched therebetween, 
are modified and set again. This allows the patch vectors S(u, v)1 and S(u, v)2 to be connected smoothly. 
45 Specifically, the internal control point vectors P(1 1 )1 and P(12)1 as well as P(11)2 and P(12)2 are 

modified and set again as follows. Using node vectors P(00), P(30)1, P(33)1, P(03), P(33)2 and P(30)2 given 
by framing, control side vectors a1 and a2 as well as d and c2 are set to meet the condition of tangent 
plane continuation on a boundary curve COM 12 of contiguous patch vectors S(u, v)1 and S(u, v)2. These 
control side vectors are used to modify and set again the internal control point vectors P(11)1 and P(12)1 as 
50 well as P(11)2 and P(12)2. 

When the above method is applied to the other boundary curves surrounding the patch vectors S(u, v)1 
and S(u, v)2, these patch vectors are eventually connected smoothly under the condition of tangent plane 
continuation with contiguous patches. 

In the description above, a tangent plane is a plane formed by tangent vectors in the u and v directions 
55 at various points of the boundary curves. For example, the condition of tangent plane continuation is met 
when the tangent plane is the same for the patch vectors S(u, v)1 and S(u, v)2 at each of the points on the 
boundary curve COM 12 in Fig. 19. 

The condition of tangent plane continuation regarding a point (0. v) on the boundary curve COM 12 is 
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determined as depicted in Fig. 20. That is, for the patch vector S(u, v)l, the equation 
n1 = Ha x Hb (6) 

represents a normal vector n1 regarding a tangent vector Ha traversing the boundary curve COM 12 (i.e., u 
direction) as well as regarding a tangent vector Hb along the boundary curve COM 12 {v direction). For the 
patch vector S(u, v)2, the equation 

n2 = He x Hb (7) 



represents a normal vector n2 regarding a tangent vector He traversing the boundary curve COM 12 as well 
as regarding the tangent vector Hb along the boundary curve COM 12. 

To meet the condition of tangent plane continuation Under the above constraints requires that the 
tangent vectors Ha and Hb as well as He and Hb exist on the same plane. As a result, the normal vectors 
/5 n1 and n2 are oriented in the same direction. 

To satisfy these conditions requires setting the internal control point vectors P(11)1 through P(22)1 and 
P(1 1)2 through P(22)2 in such a manner that the equation 



ascu.vH aS(u,v)l 3S(m)1 

x <, v ) = v ( v ) -j- v ( v ) — 

3U au ... (8) 



25 will hold, where X (v), u (v) and v (v) are scalar quantities. 

As described, where the designer wants to design a certain external shape, parametric vector functions 
are used to represent the shape through the use of the boundary curves surrounding each framing space 
involved. 

With the external shape thus generated, a metal mold is prepared and products are manufactured 
30 therewith. In advance of actual manufacture, it is convenient to know the volume and other data about the 
product. Illustratively, knowing the product volume affords the benefit of being able to determine how much 
raw material is needed to produce a given amount of products. 

The typical prior art method for obtaining volumes from external shapes has one notable disadvantage. 
That is, the shape represented by sculptured surfaces tends to be very complex and changes in such a 
35 subtle manner that it often defies precise measurement by conventional procedures which are relatively 
crude in methodology. With some shapes, there is no conventionally feasible way of measuring the volume 
thereof. 

Consider for example a hollow object shown in Fig. 21. Conventional methods are incapable of 
distinguishing the hollow portion from the actual object portion. It is virtually impossible to automatically 
40 measure the volume of such objects. 

Then consider variations of the object illustrated in Fig. 22, the object having its top and bottom left 
open. Fig. 23 shows one variation whose side wall is discontinued. It is difficult conventionally to measure 
the volume of this variation of the object. 

Fig. 24 shows an object formed with its parts overlapping with one another. This type of object occurs 
45 when pipes are connected in a complicated manner. These objects are also difficult to measure in terms of 
volumes. 

SUMMARY OF THE INVENTION: 

50 It is therefore an object of the present invention to provide a shape data processing method which is 
simple in steps and easy to use in measuring the volume of a target object with high accuracy. 

In carrying out the invention and according to one aspect thereof, there is provided a shape data 
processing method for expressing a three-dimensional shape of an object M with a surface S(u, v) 
represented by predetermined shape data DTS, the method comprising the steps of: forming a virtual 

55 projection surface K for the object M; dividing the surface S(u, v) represented by the shape data DTS into 
small regions AR(i, j) following the formation of the virtual projection surface K; detecting the volume dv(u, 
v) of a column portion H(i, j) extending from each of the small regions AR (i, j) toward the projection surface 
K; detecting a normal n to each of the small regions AR(i,j); subtracting the volume dv(u, v) of the column 
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portion H(i, j) of a small region AR (i, j) when the normal n thereto is oriented toward the projection surface 
K; adding the volume dv(u, v) of the column portion H(i, j) of a small region AR(i, j) when the normal n 
thereto is oriented away from the projection surface K; and obtaining the volume VOL of the object M by 
use of the results of the addition and of the subtraction. 

5 For each small region AR(i, j), the volume dv(u, v) of the column portion H(i, j) extending therefrom to 

the projection surface K is detected. If the normal n to the small region AR(i, j) is oriented toward the 
projection surface K, the volume dv(u, v) of the column portion H(i, j) is subtracted. If the normal n to the 
small region AR(i, j) is oriented away from the projection surface K t the volume dv(u, v) of the column 
portion H(i, j) is added. The results of the addition and the subtraction are used to determine the volume 

io VOL of the object M. In this manner, the volume VOL of the object M is precisely obtained regardless of the 
complexity of the object shape. 

These and other objects, features and advantages of the invention will become more apparent upon a 
reading of the following description and appended drawings. 

15 BRIEF DESCRIPTION OF THE DRAWINGS: 

Fig. 1 is a block diagram of a CAD/CAM system embodying the invention; 
Fig. 2 is a flowchart outlining how the embodiment works in principle; 

Fig. 3 is a schematic view depicting how part of a target object is measured with the embodiment; 
20 Fig. 4 is a flowchart depicting how the total volume of a target object is measured with the embodiment; 

Fig. 5 is a schematic view illustrating how the volume of a target object is measured in principle; 

Fig. 6 is a schematic view indicating how the measurement of a volume is eventually attained; 

Fig. 7 is a schematic view showing how a projection surface is established; 

Fig. 8 is a schematic view depicting how a patch of a target object is divided into small regions; 
25 Fig. 9 is a schematic view illustrating how a small region is projected onto the projection surface; 

Fig. 10 is a schematic view describing how the volume of a column portion is measured; 

Fig. 1 1 is a schematic view of how a column portion is divided into two parts, one being a triangular 

prism shown herein; 

Fig. 12 is a schematic view indicating the other part resulting from the division of Fig. 11; 
30 Fig. 13 is a flowchart describing how a partial volume of a target object is obtained with the embodiment; 
Fig. 14 is a schematic view showing a small region contained in a target portion for measurement; 
Fig. 15 is a schematic view illustrating a small region existing outside a target portion for measurement; 
Fig. 16 is a schematic view depicting a small region partially included within a target portion for 
measurement; 

35 Fig. 17 is a flowchart describing how the center of gravity of the entire target object is measured with the 
embodiment; 

Fig. 18 is a flowchart showing how the center of gravity of a part of the target object is measured with 
the embodiment; 

Fig. 19 is a schematic view depicting how patches of a target object are connected; 
40 Fig. 20 is a schematic view indicating how tangent plane continuation occurs in connection with the 
invention; 

Fig. 21 is a schematic view of a hollow object described in connection with the invention; 

Fig. 22 is a schematic view of an object which has its top and bottom left open, described in connection 

with the invention; 

45 Fig. 23 is a schematic view of an object which has an open side, described in connection with the 
invention; and 

Fig. 24 is a schematic view of an object with its multiple parts overlapping with one another. 
DESCRIPTION OF THE PREFERRED EMBODIMENT: 

50 

A preferred embodiment of the invention will now be described with reference to the accompanying 
drawings. 

(1) Overall configuration of CAD/CAM system 

55 

In Fig. 1, reference numeral 10 represents a CAD/CAM system as a whole. Shape data DTS is prepared 
by a sculptured surface generating device 12. A tool path generating device 13 uses the shape data DTS to 
generate manufacturing data DTCL for milling purposes. 

4 
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The sculptured surface generating device 12 comprises a central processing unit (CPU). In response to 
indications on a display unit 16, an operator operates an input unit 17 to generate a wire frame model. After 
patches are formed using a cubic Bezier equation, the patches are connected again to prepare* the shape 
data DTS on the object having the sculptured surface. 
5 Meanwhile, the tool path generating device 13 uses the shape data DTS to prepare the manufacturing 

data DTCL for roughing and finishing the necessary metal mold. Thereafter, the data DTCL for roughing and 
finishing is output to an NC milling machine 14 illustratively by use of a floppy disk 15. 

The NC milling machine 14 employs the manufacturing data DTCL to drive, say, an NC miller. The 
miller prepares the metal mold for the product represented by the shape data DTS. 

10 

(2) Processing of three-dimensional data 

When the operator operates the input unit 17 to enter measurement mode, the sculptured surface 
generating device 12 executes the steps outlined in Fig. 2. These steps, when executed, measure the 
15 volume or center of gravity of the object represented by the shape data DTS. 

After going from step SP1 to step SP2, the sculptured surface generating device 12 displays a 
measurement mode message on the display unit 16. There, the input of the operator is awaited. 

When the operator designates what needs to be measured, the sculptured surface generating device 12 
goes to step SP3. In step SP3, a check is made to see if the designated measurement applies to volume 
20 measurement mode. If the result of the check in step SP3 is affirmative, the sculptured surface generating 
device 12 goes to steps SP4 and enters volume measurement mode. Then the input of the operator is 
awaited. The operator designates the manner of measurement. In response, the sculptured surface 
generating device 12 goes to step SP5 and checks to see if the total volume of the object is to be 
measured. If the result of the check in step SP5 is affirmative, step SP6 is reached in which a volume 
25 measurement program is executed. 

With the volume thus measured, the sculptured surface generating device 12 goes to step SP7 where 
the result of the measurement is displayed. Step SP7 is followed by step SP8 in which the processing 
comes to an end. 

On the other hand, if the operator designates measurement of the volume only for a part of the target 
30 object in step SP4, the sculptured surface generating device 12 makes a "NO" decision in step SP5 and 
goes from there to step SP9. 

At this point, the sculptured surface generating device 12 displays the target object to be measured on 
the display unit 16 and waits for the operator to act. When the operator designates a particular extent of the 
target object (e.g., that part of object M sandwiched by planes MH and ML in Fig. 3), step SP10 is reached. 
35 In step SP10, a partial volume measurement program is executed. 

With the partial volume measured, the sculptured surface generating device 12 goes to step SP7 and 
displays the result of the measurement. Then step SP8 is reached where the processing is terminated. 

If a "NO" decision is made in step SP3, the sculptured surface generating device 12 goes to step SP1 1 
where center-of-gravity measurement mode is entered. Then the input of the operator is awaited. When the 
40 operator designates a manner of measurement, the sculptured surface generating device 12 goes to step 
SP12 and checks to see if the center of gravity for the entire object is to be measured. If the result of the 
check in step SP12 is affirmative, step SP13 is reached. In step SP13, a center-of-gravity measurement 
program is executed. 

With the center of gravity thus obtained, the sculptured surface generating device 12 goes to step SP7 
45 and displays the result of the measurement. 

On the other hand, if the operator designates measurement of the center of gravity only for a part of the 
target object in step SP11, the sculptured surface generating device 12 makes a "NO" decision in step 
SP12 and goes to step SP14. 

In step SP14, the sculptured surface generating device 12 displays the object of measurement on the 
so display unit 16 and awaits for the operator to effect input. When the operator designates a particular part of 
the object of which the center of gravity is to be measured, step SP15 is reached. In step SP15, a partial 
center-of-gravity measurement program is executed. 

With the partial center of gravity obtained, the sculptured surface generating device 12 goes to step 
SP7 and displays the result of the measurement. In the manner described, the invention as embodied 
55 above permits measurement of the volume or center of gravity for the entire object or part of the object to 
be measured. 

(2-1) Measurement of volume 

5 
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The volume of the entire target object is measured by following the steps in Fig. 4. 

As shown in Fig. 4, the sculptured surface generating device 12 starts its operation in step SP20 and 
goes to step SP21. In step SP21, the sculptured surface generating device 12 sets a virtual projection 
surface for the target object. At this point, as depicted in Figs. 5 and 6, the sculptured surface generating 
5 device t2 sets the projection surface K for the target object M so that the entire object will be projected 
onto the surface K. 

In the setup of Fig. 6, the volume VM of the target object is obtained by subtracting a column volume 
VM2 from a column volume VM1. The volume VM1 occurs between projection surface K and a surface not 
facing surface K, and the volume VM2 between projection surface K and a surface facing surface K. 

w The inventive method as embodied here expresses the shape of the target object using the patch 

vector S(u, v)1 given by a cubic Bezier equation. When the volume of the column portion for each patch is 
detected and the measurements are accumulated for all patches, the volume of the entire target object is 
acquired. That is, the volume of the column portion is subtracted for a patch vector S(u, v)1 on the virtual 
surface side; the volume of the column portion is added for a patch vector S(u, v)2 on the opposite side. 

J5 A check is made to see if the normal vector n of the current patch vector S(u, v) is oriented toward the 

virtual surface K. The result of the check determines whether the vector is the patch vector S(u, v)2 to be 
added or the patch vector S(u, v)1 to be subtracted. This method permits automatic measurement of the 
target object regardless of the object being one with a hollow portion, as shown in Fig. 21, or one with 
overlapping parts, as illustrated in Fig. 24. 

20 For an object which is left open at its top and bottom and which is enclosed by the side wall alone, as 

the one shown in Fig. 22, the volume of the object is automatically measured by positioning a virtual 
surface K normal to the currently opened surface. For an object enclosed by discontinuous sides, the 
volume of the object is roughly measured by establishing a virtual surface in like manner. 

Operating on the volume measuring principles described, the sculptured surface generating device 12 

25 detects the x. y and z coordinates of the target object as shown in Fig. 7. The maximum and minimum 
coordinates are averaged so as to establish the center point O of the object. A check is made to see if the 
target object has an opened portion KU. If an opened portion KU is not found, the virtual surface K is set so 
that the surface K will be in parallel with the y-z plane and will pass through the center point O. 

As the distance increases between target object M and virtual surface K, the volumes of the column 

30 portions VM1 and VM2 to be subtracted from the volume VM of the target object M become proportionally 
greater relative to the latter (Rg. 6). This promotes deterioration in measurement accuracy. By contrast, 
because this embodiment sets the virtual surface K so that the surface K passes through the center point O 
of the target object, the reduction in measurement accuracy is effectively minimized. 

If there exists the opened portion KU, the sculptured surface generating device 12 sets the virtual 

35 surface K so that the surface K will pass through the center point O and will be perpendicular to the opened 
portion KU. This allows automated and precise measurement of the volume of the portion opened at its top 
and bottom and enclosed by the side wall alone. 

With the projection surface K established as described in step SP21, the sculptured surface generating 
device 12 goes to step SP22. In step S22, the first patch is divided into parameters. As illustrated in Fig. 8, 

40 this processing involves dividing the parameters u and v, which vary between 0 and 1, by a predetermined 
value (e.g., 40). The divided parameters u and v are inserted consecutively into Equation (1). This 
generates a plurality of points P(i, j)S on the patch vector S(u, v). 

In this manner, the sculptured surface generating device 12 splits the first patch vector S(u, v)1 into 40 
divisions in the u and v directions each. The patch vector S(u, v)1 is expressed by 1,600 dividing points P(i, 

45 j)S. 

After the patch division, the sculptured surface generating device 12 goes to step SP23. As shown in 
Fig. 9, a rectangular region AR(i, j), called a small region hereunder and formed by adjacent dividing points 
P(i, j)S, P(i + 1, j)S, P(i + 1, j + 1)S and P(i, J + 1)S, is projected onto the virtual surface K. The small region 
AR(i, j) and virtual surface K constitute a column region H(i, j). The volume dv(u, v) of the column region H(i, 
so j) is then measured. 

As illustrated in Figs. 10 through 12, the sculptured surface generating device 12 divides the column 
region H(i, j) into two triangular section column regions H(i, j)1 and H(i, j)2, and further divides each of these 
regions H(i, j)1 and H(i, j)2 into a triangular prism and a triangular pyramid. The sculptured surface 
generating device 12 then finds the volumes of the triangular prism and triangular pyramid constituting each 
55 of the column regions H(i, j)1 and H(i, j)2, and accumulates the obtained volumes to determine the volume 
dv(u, v) of the column region H(i, j). 

With the volume dv(u, v) of the column region H(i, j) thus acquired, the sculptured surface generating 
device 12 goes to step SP24. In step SP24. the direction of the normal vector n is detected. That is, the 

6 
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sculptured surface generating device 12 detects the direction of the normal vector n for the small region 
AR(u, v) whose volume is measured. When the angle e between normal vector n and virtual surface K falls 
within the range of 

5 0 ^ 6 < 90 (9) 

then the volume dv(u, v) measured for the current small region AR(i, j) is multiplied by a factor of -1. 

On the other hand, if the angle $ between normal vector n and virtual surface K falls within the range of 

w 90 < $ £ 180 (10) 

then the volume dv(u, v) measured for the current small region AR(i, j) is kept unchanged. 

The sculptured surface generating device 12 adds the volume dv(u, v) to the volume accumulated so 

far. Thereafter, the device 12 goes to step SP25. 
75 In step SP25, the sculptured surface generating device 12 checks to see if the volume measurement for 

all small regions of the first patch vector S(u, v) has been completed. If the result of the check is negative, 

step SP23 is again reached where the volume of the next small region is measured- If the volume 

measurement for all small regions has been completed and the result of the check in step SP25 is 

affirmative, the sculptured surface generating device 12 goes to step SP26. 
20 In this manner, the sculptured surface generating device 12 repeats a loop of steps SP23, SP24, SP25 

and SP23 (LOOP1) regarding the first patch vector S(u, v). This means executing the processing 

represented by the equation 



25 



35 



40 



45 



50 



VP<i)~Z V dv(i/40,j/40> -non»(i/40,j/40) ... (n) 



where, norm(i/40, j/40) stands for a multiplier of -1 when the relationship (9) above is satisfied, and for a 
multiplier of 1 when the relationship (10) is met. 
30 As described, the sculptured surface generating device 12 accumulates the volumes of the column 
portions formed by projecting the first patch vector S(u, v) onto the projection surface K. The accumulation 
is carried out with reference to the normal vector n and, when completed, determines the volume or the 
target object in the first patch vector S(u, v). Specifically, Equation (11) is approximated by Equation 



VP(i)- Ha Z £ dv(i/n,j/n) - nor« (i/n, j/a) ... ( 12) 

n — *oo **• 



which provides 



v(u,v) • nora(u.v) dudv 



• s: s: 



S(u,v) • h(u,v) • nora(tt.v) dudv ( 13 > 



Thus the desired volume is eventually obtained. In Equation (13), h(u, v) stands for the distance between 
patch vector S(u, v) and projection surface K. 

In step SP26, the sculptured surface generating device 12 checks to see if the volume measurement for 
55 all patches of the target object has been completed. If the result of the check is negative, step SP22 is 
reached again. 

Thus the sculptured surface generating device 12 repeats a loop of steps SP22, LOOP1, SP 26 and 
SP22 (LOOP2) to accumulate the volumes of all patches of the target object. In this manner, the volume of 
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the target object represented by the equation 



a 



(14) 



VOL 



~S VP(j) 



5 



is obtained. 



As described, the invention as embodied above divides the patch vector S(u, v) into 1,600 small 
regions. Each of the small regions is projected onto the virtual projection surface so as to determine its 
w volume. With the individual measurements accumulated, the volume of the target object is obtained with 
sufficiently high accuracy. The sculptured surface generating device 12 then goes to step SP27 where the 
processing cones to an end. 

(2-2) Partial measurement of volumes 



Where the operator designates a particular portion of the target object for measurement, as shown in 
Fig. 3, the sculptured surface generating device 12 goes to step SP10 and executes the partial volume 
measurement program. 

By following the steps outlined in Fig. 13, the sculptured surface generating device 12 measures the 
20 volume of that part of the target object which is designated by the operator. Specifically, the sculptured 
surface generating device 12 starts from step SP30 and goes to step SP31. In step SP31, a projection 
surface K is established. Here, the operator may illustratively designate planes MH and ML (Fig. 3) in 
parallel with the x-y plane in order to find the volume of the portion sandwiched by the two planes MH and 
ML. In this case, the projection surface K is set perpendicular to the planes MH and ML. 
25 At this point, the coordinate data on the portion delimited by the planes MH and ML are detected. The 

maximum and minimum values of the coordinate data are averaged so that the projection surface K, when 
established, will pass through the center of the delimited portion. In this manner, the sculptured surface 
generating device 12 effectively avoids deterioration in measurement accuracy. 

The sculptured surface generating device 12 then goes to step SP32. In step SP32, a check is made to 
30 see if any part of the first patch vector S(u, v1)1 overlaps with the target portion sandwiched by the planes 
MH and ML. If the result of the check in step sp32 is negative, the sculptured surface generating device 12 
goes to step SP33. In step SP33, a check is made to see if the processing for all patches has been 
completed. If the result of this check is negative, step SP32 is reached again, and the next patch is 
processed. 

35 As described, the sculptured surface generating device 12 measures the volumes of only the patches 

included in the target portion of the object. The volume of the portion designated by the operator is 
obtained in this manner. 

If a "YES" decision is made in step SP32, the sculptured surface generating device 12 goes to step 
SP34. In step SP34, the patch is divided into parameters as in step SP22 and small regions are generated 
40 therefrom. 

The sculptured surface generating device 12 then reaches step SP35. In step SP35, a check is made to 
see if the small region RA(i, j) is located in the target portion of the object Where the dividing points P(i, j)- 
S, P(i, j + 1)S, P(i + 1, J)S and P(i + 1, j + 1)S are all found to be inside the target portion ARK, the result of 
the check in step SP35 is affirmative. In that case, step SP35 is followed by step SP36. 

45 In step SP36, the sculptured surface generating device 12 measures the volume of the current small 

region AR(i, j), and goes to step SP37 where the measurements are accumulated in accordance with the 
orientation of the normal vector. Going to step SP38, the sculptured surface generating device 12 checks to 
see if the volumes of all small regions have been obtained. If the result of the check in step SP38 is 
negative, step SP35 is reached again. 

so As described, the sculptured surface generating device 12 checks to see if each of the small regions is 
located within the target portion ARK. For each small region, the device 12 carries out steps SP35, SP36, 
SP37, SP38 and SP35, in that order (LOOP3). The loop is repeated in the same manner as depicted in Fig. 
4, and the volumes of the small regions are accumulated. 

If a "NO" decision is made in step SP35, the sculptured surface generating device 12 goes to step 

55 SP39. In step SP39, a check is made to see if the current small region is located outside the target portion 
ARK. 

If none of the dividing points P(i, j)S, P(i + 1, j)S, P(i, j + 1)S and P(i + 1 , j + 1)S is found within the target 
portion ARK, as illustrated in Fig. 15, the result of the check in step SP39 is affirmative. In that case, the 
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sculptured surface generating device 12 goes to step SP37 and checks to see if the volumes of all small 
regions have been obtained. If the check of step SP37 yields a "NO" decision, step SP32 is reached again. 

On the other hand, if the dividing points P(i, j)S, P(i + 1, j)S, P(i, j+ 1)S and P(i+ 1, j+ 1)S constituting 
the smalt region AR(i, j) are located across a plane traversing the target portion ARK, the result of the check 
5 in step SP39 is negative. In that case, the sculptured surface generating device 12 goes to step SP40. 

Here, the sculptured surface generating device 12 projects the dividing points P(i, j)S, P(i + 1, j)S, P(i, 
j + 1)S and P(i+1, j+1)S onto the projection surface K. The device 12 then has the boundary MH of the 
target portion ARK internally divide straight lines between projected dividing points P(i, j)S and P(i + 1, j)S, 
between P(i, j)S and P{i, j + 1)S, between P(i + 1, j)S and P(i + 1, j + 1)S, and between P(i, j+ 1)S and P(i + 1 , 
to j + 1)S in order to find the internal ratios involved. Using the results obtained, the sculptured surface 
generating device 12 finds the ratio of how much of the small region AR(i, j) is contained in the target 
portion ARK. 

The sculptured surface generating device 12 then goes to step SP41. In step SP41, the device 12 
measures the volume of the small region AR(i, j). After this, the sculptured surface generating device 12 
75 does to step SP42 and corrects the acquired volume using the ratio previously detected. In this manner, the 
sculptured surface generating device 12 acquires the volume of that part of the small region AR(i, j) which is 
contained in the target portion ARK. Thereafter, step SP37 is reached. 

The sculptured surface generating device 12 repeats LOOP3, LOOP4 (steps SP35, SP39, SP40, SP41, 
SP42, SP37, SP38 and SP35, executed in that order) or LOOP5 (steps SP35, SP39, SP38 and SP35, 
20 executed in that order) until the volumes of all small regions have been obtained. This yields a "YES" 
decision in step SP38, which is followed by step SP33. 

When all patches have been processed, the result of the check in step SP33 becomes affirmative. This 
allows the sculptured surface generating device 12 to reach step SP43 where the processing comes to an 
end. In this manner, the sculptured surface generating device 12 measures easily and dependably the 
25 volume of the region designated by the operator. 

(2-3) Measurement of center of gravity 



In step SP11 of Fig. 2, the operator may designate measurement of the center of gravity for the entire 



30 target object. This yields a "YES" decision in step SP12. In that case, the sculptured surface generating 
device 12 goes to step SP13 where the center-of-gravity measurement program is executed. 

Specifically, the sculptured surface generating device 12 carries out the steps of Fig. 17 in order to find 
the center of gravity of the object designated by the operator. The sculptured surface generating device 12 
starts its operation in step SP50 and goes to step SP51. As with volume measurement, the device 12 

35 establishes the projection surface K in step SP51 . 

The sculptured surface generating device 12 then goes to step SP52. In step SP52, the first patch is 
divided into parameters. Step SP52 is followed by step SP53 in which is detected the center of gravity for 
the column region H(i, j) formed between small region AR(i, j) and virtual surface K. In this case, as with 
volume measurement, the sculptured surface generating device 12 divides the column region into two 

40 triangular section column regions, and each of the two column regions into a triangular prism and a 
triangular pyramid. 

The sculptured surface generating device 12 then measures the center of gravity of both the triangular 
prism and the triangular pyramid. After this, the measurements are multiplied by the volumes involved. 
Assume that the centers of gravity are cg(u, v)1t, cg(u, v)2t, cg(u, v)1s and cg(u, v)2s for the triangular 
45 prism and triangular pyramid portions constituting the triangular section column regions, and that the 
volumes are dv(u, v)1t, dv(u, v)2t, dv(u, v)1s and dv(u, v)2s for the same portions. Given these assumptions, 
the equation 



50 



(cg(u, v)lt - dv(a, v)lt+cg(ti.v)2t • dv(u, v)2t 



eg (i. 3) — 



dv(u, v) 



55 



+ cs(u.v)l* -dv(u,v)ls -fcg(u,v)2s - -dv(u. v).2s ) 



t 4 • 



(15) 
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is executed to find the center of gravity cg(u, v) and volume dv(u, v) regarding the upper part of the column 
portion. 

The sculptured surface generating device 12 then goes to step SP54. In step SP54, the direction of the 
normal vector n is detected and, as with the volume measurement program, the volumes dv(u, v) measured 
5 with reference to the normal vector n are accumulated At the same time, using the volume thus obtained, 
the sculptured surface generating device 12 executes the equation 

cgdv = cg(u,v) • dv(u,v) • norm(u.v) (16) 

w to find the center of gravity cg(u, v). The center of gravity cg(u, v) is weighted by the volume dv(u, v). The 
result is added and accumulated in accordance with the direction of the normal vector. 

Thereafter, the sculptured surface generating device 12 goes to step SP55. In step SP55, a check is 
made to see if the centers of gravity and the volumes of all small regions in the first patch vector S(u, v)1 
have been measured. If the result of the check in step SP55 is affirmative, step SP53 is again reached in 
75 which the center of gravity and the volume of the next small region are measured. 

If the centers of gravity and the volumes of all small regions have been measured, step SP55 yields a 
"YES" decision. This allows the sculptured surface generating device 12 to go to step SP56. 

The sculptured surface generating device 12 then repeats steps SP53, SP54, SP55 and SP53, in that 
order (LOOP6), on the first patch vector S(u, v)1 , to execute the equation 



20 



25 



40 



45 



cgdvU) = £ E cg(i/40, j/40) - dv(i/4Q, j/40) - nom < i/40* j /40) 

i * 0 i - 0 



(17) 



while carrying out the processing of Equation (1 1). 

In this manner, the sculptured surface generating device 12 acquires a weighted center of gravity cgdv- 
(i). This is an accumulated result regarding the column region formed by projecting the first patch vector S- 
30 (u, v)1 onto the projection surface K, the result being obtained by weighting by the volume dv(u, v) the 
center of gravity cg(u, v) of each small region with reference to the orientation of the normal vector n. 

In step SP56, a check is made to see if the centers of gravity and the volumes of all patches making up 
the target object have been measured. If the result of this check is negative, step SP52 is again reached. 
Thus the sculptured surface generating device 12 repeats steps SP52, LOOP6, SP56 and SP52, in that 
35 order (LOOP7). In this manner, the device 12 finds the accumulated result VOL1 given by the equation 

V0L1-X c 6 dv(i) - VP(i) - . - (18) 



as well as the total volume VOL given by Equation (14). 

When the accumulated results of all patches have been obtained, the sculptured surface generating 
device 12 makes a "YES" decision in step SP56. Going to step SP57, the device 12 executes the equation 

VO L 1 
Cg - 

VOL ... (19) 



so to terminate this processing. 

As described, the center of gravity of each of the column portions making up each small region is 
obtained. After this, the centers of gravity obtained are weighted by the respective volumes when added up. 
The result is divided by the total volume. This provides the center of gravity for the entire target object. 

When the weighted addition is carried out with reference to the orientation of the normal vector n, the 
55 center of gravity is obtained relative to the projection surface K as in the case of acquiring volume. Thus the 
center of gravity of a target object is readily and reliably obtained even if the target is complex in shape. 

(2-4) Partial measurement of center of gravity 
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When the operator designates a target portion for measurement (Fig. 3) in step SP14, the sculptured 
surface generating device 12 goes to step SP15. In step SP15, the partial center-of-gravity measurement 
program is executed. 

As shown in Fig. 18, the sculptured surface generating device 12 starts its operation in step SP60 and 
5 goes to step SP61. As with partial volume measurement, the projection surface K is established in step 
SP61. 

Step SP61 is followed by step SP62 in which the sculptured surface generating device 12 checks to 
see if any part of the first patch S(u, v)1 overlaps with the target portion. If the result of the check in step 
SP62 is negative, step SP63 is reached. In step SP63, the sculptured surface generating device 12 checks 
10 to see if all patches have been processed. If step SP63 yields a "NO" decision, step SP62 is again reached 
in which the next patch is processed. 

In this manner, the sculptured surface generating device 12 measures the center of gravity of each 
patch within the target portion. This eventually allows the center of gravity of the operator-designated 
portion to be measured. 

75 If the result of the check in step SP62 is positive, the sculptured surface generating device 12 goes to 

step SP64. In step SP64, the current patch is divided into parameters so as to create small regions. 

Step SP64 is followed by step SP65 in which the sculptured surface generating device 12 checks to 
see if the small region AR(i, j) overlaps with the target portion for measurement. If the result of the check in 
step SP65 is affirmative, step SP66 is reached. In step SP66, sculptured surface generating device 12 

20 measures the center of gravity and the volume of the current small region AR(i, j). Step SP66 is followed by 
step SP67 in which the computations of equation (16) are carried out. In step SP67, the center of gravity 
obtained is added as it is weighted and the measured volume is accumulated, in accordance with the 
orientation of the normal vector. 

The sculptured surface generating device 12 goes from step SP67 to step SP68. In step SP68, a check 

25 is made to see if the centers of gravity and the volumes of all small regions have been measured. If the 
result of the check in step SP68 is negative, step SP65 is again reached. 

Thus the sculptured surface generating device 1 2 checks each small region to see if it overlaps with the 
target portion ARK. The device 12 carries out steps SP65, SP66, SP67, SP68 and SP65, in that order 
(LOOP8) for each small region within the target portion ARK. The center of gravity and the volume are 

30 repeatedly measured regarding each small region. The resulting volumes and the centers of gravity 
weighted by the respective volumes are accumulated. 

If the result of the check in step SP65 is negative, the sculptured surface generating device 12 goes to 
step SP69. In step SP69, a check is made to see if the current small region is outside the target portion 
ARK. 

35 As described in connection with Fig. 15, the result of the check in step SP69 is affirmative if none of the 
dividing points P(i, j)S, P(i + 1, j)S, P(i, j + 1)S and P<i + 1, j + 1)S constituting the small region AR(i, j) is found 
within the target portion ARK. Then the sculptured surface generating device 12 goes to step SP68. In step 
SP68, a check is made to see if the volumes of all small regions have been measured. If the result of this 
check is negative, step SP62 is reached again. 

40 If, as described in connection with Fig. 1 6, the dividing points P(i. j)S, P(i + 1 , j)S, P(i, j + 1)S and P(i + 1 , 

j + 1 )S constituting the small region AR(i, j) are located across a plane traversing the target portion ARK, the 
result of the check in step SP69 is negative. In that case, the sculptured surface generating device 12 goes 
to step SP70. 

In step SP70, the sculptured surface generating device 12 finds the ratio of how much of the small 
45 region AR(i, j) is contained in the target portion ARK. With the ratio obtained, the device 12 goes to step 
SP71. In step SP71, the center of gravity and the volume of the small region AR(i, j) are acquired. Step 
SP71 is followed by step SP72 in which the sculptured surface generating device 12 corrects the volume 
and center of gravity obtained using the ratio acquired above. Then step SP68 is reached. 

The sculptured surface generating device 12 repeats LOOP8. LOOP9 (steps SP65, SP69, SP70, SP71, 
50 SP72, SP67, SP68 and SP65, executed in that order) or LOOP10 (steps SP65, SP69, SP68 and SP65, 
executed in that order). When the measurements about all small regions have been accumulated, a "YES" 
decision is made in step SP63. Then step SP62 is reached again. 

When all patches have been processed, the result of the check in step SP63 becomes affirmative. In 
that case, the sculptured surface generating device 12 goes to step SP73. The device 12 then repeats the 
55 computations of Equation (18) to find the value of accumulated volumes VOL1 and the total volume VOL 
regarding the target portion. With the computations of Equation (19) carried out, the processing comes to an 
end. 

As described, the center of gravity of each small region is measured, and the measurements are 
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weighted by the respective volumes when added up. In turn, the result of the addition is divided by the 
volume of the target portion. Thus the invention as embodied above permits easy and dependable 
measurement of the center of gravity of a given target portion. 

5 (3) Effects of the embodiment 

As embodied in the manner described, the invention sets a projection surface, divides each patch of a 
target object into small regions, detects the volume of the column portion formed between each small 
region and projection surface, and accumulates the volume measurements with reference to the orientation 
10 of the normal vector of each small region. This makes it possible to measure easily and dependably the 
volume of the target object even if the shape of the object is complicated. 

(4) Other embodiments 

15 With the above-described embodiment, each patch of the target object is divided into 1,600 small 

regions for volume measurement. Alternatively, each patch may be divided into any number of small 
regions. Where necessary, the patch may be projected direct onto the projection surface for volume 
measurement. 

With the above embodiment, the column portion of each small region is divided into triangular section 
20 column regions, and each column region into a triangular prism and a triangular pyramid for volume 

measurement. Alternatively, the column region may be approximated as a rectangular prism, a triangular 

prism, or any of many other shapes. 

In the preceding description, the invention is embodied so as to measure the volume of a target object 

having a sculptured surface that is defined by a cubic Bezier equation. Alternatively, the invention may also 
25 be applied to measuring the volumes of cubic objects having sculptured surfaces otherwise defined, such 

as one represented by the B spline function and one constituted by a solid model- 
As described and according to the invention, a virtual projection surface is established for a target 

object. Each of the patches constituting the object is divided into small regions. Then the volume of the 

column portion formed between each small region and projection surface is measured. The measured 
30 volumes are accumulated in accordance with the orientation of the normal vector to each small region. Thus 

even if the shape of the target object is complex, the volume thereof is measured easily and with precision. 
As many apparently different embodiments of this invention may be made without departing from the 

spirit and scope thereof, it is to be understood that the invention is not limited to the specific embodiments 

thereof except as defined in the appended claims. 



35 Fig. 1 Configuration of CAD/CAM System 

10) CAD/CAM system 

12) Sculptured surface generating device 
16) Display unit 17) Input unit 

13) Tool path generating device 

40 14) NC milling machine (machining center) 

Fig. 2 Processing Steps 

SP1) START 

SP2, SP4, SP1 1 ) Input mode 

SP3) volume measurement mode? 

45 SP5) Total volume? 

SP6) Execute volume measurement program 

SP7) Display 

SP8) END 

SP9, SP14) Input region 

so SP10) Execute partial volume measurement program 

SP12) Center of gravity of entire object? 

SP13) Execute center-of-gravity measurement program 

SP15) Execute partial center-of-gravity measurement program 

Fig. 3 Measurement of Partial Volume 

55 Fig. 5 Principle of Measurement 

Fig. 4 Volume Measurement Program 

SP20) START 

SP21) Set projection surface 
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SP22) 


Divide patch into small regions 




SP23) 


Measure volume of small region 




SP24) 


Accumulate volume as per normal vector 




SP25) 


All small regions processed? 
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SP26) 


All patches processed? 




SP27) 


END 




Fig. 6 


Principle of Measurement 




Fig. 7 


Establishment of Projection Surface 




Fig. 8 


Division of Patch 
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Fig. 9 


Projection of Small Region 




Fig. 10 


Volume of Small Region 




Fig. 11 


Partial Volume of Small Region 




Fig. 12 


Partial Volume of Small Region 




Fig. 14 


Check on Smaller Parts for Inclusion in Target Portion for Measurement 
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Fig. 13 


Partial Volume Measurement Program 
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SP35) 


Small region overlap with target portion? 




SP36) 


Measure volume of small region 




SP37) 


Accumulate volume as per normal vector 




SP38) 


All small regions processed? 




SP39) 


Small region outside target portion? 


25 


SP40) 


Find ratio of small region to target portion 




SP41) 


Measure volume of small region 




SP42) 


Correct volume 




SP43) 


END 




Fig. 15 


Check on Smaller Parts for Inclusion in Target Portion for Measurement 
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Fig. 16 


Check on Smaller Parts for Inclusion in Target Portion for Measurement 




Fig. 17 


Center-of-Gravity Measurement Program 




SP50) 


START 




SP51) 


Set projection surface 




SP52) 


Divide patch into small regions 


35 


SP53) 


Measure center of gravity of small region 




SP54) 


Accumulate measurement as per normal vector 




SP55) 


All small regions processed? 




one o\ 

SP56) 


All patches processed? 




SP57) 


END 


40 


Fig. 18 


Partial Center-of-Gravity Measurement 
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Fig. 19 


Connection of Patches 




Fig. 20 


Condition for Tangent Plane Continuation 




Fig. 21 


Hollow Object 




Fig. 22 


Volume of Object with its Top and Bottom Left Open 
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Fig. 23 Volume of Object with its Side Opened 

Fig. 24 Volume of Object with its Muh pie Parts Overlapping with One Another 

Claims 

5 

1. A shape data processing method for expressing a three-dimensional shape of an object (M) with a 
surface represented by predetermined shape data, said method comprising the steps of: 

forming a virtual projection surface (K) for said object (M); 

dividing said surface represented by said predetermined shape data into small regions (S(u,v)1) t 
w (S(u,v)2) following the formation of said virtual projection surface (K); 

detecting the volume (VM1, VM2) of a column portion extending from each of said small regions 
(S(u,v)1), S(u,v)2) toward said projection surface (K); 

detecting a normal (n) to each of said small regions (S(u,v)1), (S(u,v)2); 

subtracting the volume (VM2) of said column portion of a small region (S(u,v)1) when the normal (n) 
75 thereto is oriented toward said projection surface (K); 

adding the volume (VM1) of said column portion of a small region (S(u,v)2) when the normal (n) 
thereto is oriented away from said projection surface (K); and 

obtaining the volume (VM) of said object <M) by use of the results of the addition and of the 
subtraction. 

20 

2. A shape data processing method according to claim 1. further comprising the step of designating a 
portion of said object (M) so that the volume of the designated portion will be measured. 

3. A shape data processing method for expressing a three-dimensional shape of an object (M) with a 
25 surface represented by predetermined shape data, said method comprising the steps of: 

forming a virtual projection surface (K) for said object (M); 

dividing said surface represented by said predetermined shape data into small regions (S(u,v)1), 
(S(u,v)2) following the formation of said virtual projection surface (K); 

detecting the center of gravity of a column portion extending from each of said small regions (S- 
30 (u,v)1), (S(u,v)2) toward said projection surface (K); 

detecting a normal (n) to each of said small regions (S(u,v)1) (S(u,v)2);and 

accumulating said center of gravity while concurrently weighting it with the volume (VM1, VM2) of 
the current small region (S(u,v)1), (S(u,v)2), said accumulating and said weighting being performed in 
accordance with the orientation of the normal (n) from each small region (S(u,v)1), (S(u,v)2) to said 
35 projection surface (K), said orientation being in one of two directions, one direction being toward and 

the other being away from said projection surface (K); 

whereby the center of gravity of said object (M) is measured. 

4. A shape data processing method according to claim 3, further comprising the step of designating a 
40 portion of said object (M) so that the center of gravity of the designated portion will be measured. 

5. A shape data processing method according to claims 1 and 3, wherein each of said small regions (H- 
(i j)) comprises a triangular prism and a triangular pyramid. 
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© Disclosed is a shape data processing method 
illustratively for use with a CAD/CAM (computer aid- 
ed design/computer aided manufacturing) system. 
The method involves measuring the volume (VM) of 
a target product (M) based on the shape data of that 
product. In operation, a virtual projection surface (K) 
is established for the target object (M) to be mea- 
sured, the surface of the object is divided into small 
regions (S(u,v)1), (S(u,v)2). A column portion is 
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(u,v)1), (S(u,v)2) to the projection surface (K). The 
volume (VM1 , VM2) of the column portion is mea- 
sured for each small region. The measured volumes 
(VM1, VM2) are accumulated in accordance with the 
orientation of the normal vector (n) to each small 
region (S(u,v)1), (S(u,v)2). This method allows the 
volume (VM) of the target (M) object to be measured 
easily and with precision even if the shape thereof is 
complex. 
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